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Introduction {#sec001}
============

Microbial fuel cells (MFCs) are the bioelectrochemical systems (BES) that harness the energy stored in chemical bonds in to electrical energy through catalytic action of microorganisms. The microbial conversion of organic substrate such as higher organics to acetate produces electrons which are transferred to anode \[[@pone.0138448.ref001]\]. These electrons then flow towards cathode linked by a conductive material containing a resistor \[[@pone.0138448.ref002],[@pone.0138448.ref003]\]. Electrons are transferred to the anode by means of electron mediators or shuttles such as ABTS 2,2\'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) \[[@pone.0138448.ref004]\],by direct membrane associated electron transfer\[[@pone.0138448.ref005]\]or through nanowires produced by bacteria \[[@pone.0138448.ref006]\].In addition to contaminant degradation, the system offers electricity generation and reduction of metal ions in the cathodic chambers e.g. Mn (IV) to Mn (II) \[[@pone.0138448.ref001]\].The microorganisms consume a part of energy for growth while utilizes the rest for generating electricity, therefore the sludge production is quite, which is an added advantage of the MFCs \[[@pone.0138448.ref001],[@pone.0138448.ref007]\].

The power density from a MFC is still quite low in a batch mode operation with synthetic effluent \[[@pone.0138448.ref008]\].Temperature and pH of the medium, type of electrodes and distance between them, toxicity of the substrate as well as the resistance of the circuit have a significant effect on removal rates and power density of both dual and single chambered MFCs \[[@pone.0138448.ref009],[@pone.0138448.ref010]\]. Moreover, the choice of substrate and co-substrates has a profound effect on microbial community profile and output power of MFCs. Even substrates with high organic content derived from biofraction of municipal solid waste under anaerobic conditions can be used for generating methane, hydrogen and electricity under anaerobic conditions \[[@pone.0138448.ref011]\]. Kook et al. \[[@pone.0138448.ref012]\] used the liquid fraction of pressed municipal solid waste for generating bioelectricity with an average COD removal of 87%. Dark fermentation effluent is also a favourable substrate for bioelectricity generation using MFCs \[[@pone.0138448.ref003], [@pone.0138448.ref013]\]. Moreover, MFCs can also be used for the selective recovery of metal ions Hg^2+^ or Ag^+^ ions on the cathode \[[@pone.0138448.ref014], [@pone.0138448.ref015]\]. Luo et al. \[[@pone.0138448.ref016]\] collectively removed Cu^2+^ and Ni^2+^ using MFC coupled with microbial electrochemical cell (MEC).

Earlier, MFCs have been tried for simple substrates but they are now exploited for even toxic and complex substrates such as azo-dyes. Azo-dyes are the most important and largest class of dyes used in commercial applications \[[@pone.0138448.ref017]\].They are considered as xenobiotics compounds that are very recalcitrant to biodegradation process and most of them are mutagenic and carcinogenic \[[@pone.0138448.ref017], [@pone.0138448.ref018]\]. Hence, their presence in aqueous ecosystem is the cause of serious environmental and health concerns. In the present study, a textile azo-dye acid navy blue r (ANB) used for dyeing wool, nylon or silk was selected for feasibility studies. Unlike aerobic treatment, the azo-dyes get transformed in to corresponding aromatic amines under anaerobic conditions \[[@pone.0138448.ref018]\].The aromatic amines thus formed are recalcitrant towards further anaerobic degradation but could be mineralized under aerobic conditions resulting in to complete removal \[[@pone.0138448.ref019]\]. A quick review of the literature also suggested a combined anaerobic-aerobic process for complete solution from dye wastewater \[[@pone.0138448.ref020]--[@pone.0138448.ref022]\].In most of the cases compounds such as acetate, molasses, or glucose were used as substrate for growth while the toxic azo-dyes were utilized as co-metabolites \[[@pone.0138448.ref023]--[@pone.0138448.ref024]\]. In this study glucose was chosen as a co-substrate due to its lower toxicity and higher COD which results in higher output power densities \[[@pone.0138448.ref025]\].

The aim of the work was to check the feasibility of simultaneous electricity generation and complete removal of acid navy blue r dye using a single chambered MFC coupled with an aerobic post treatment process. Efforts have been made to investigate the kinetics and pathway of biodegradation of ANB and the electrochemical behaviour of the cell. The microbial community structures and biofilm growth were studied by using SEM coupled with EDX technique while their quantification was done by the qPCR technique.

Experimental {#sec002}
============

Chemicals {#sec003}
---------

All the chemicals were of analytical grade and procured from Rankem, India. The azo-dye acid navy blue r (ANB) was manufactured by Vipul Dyes, India.

Reactor Set-up {#sec004}
--------------

The experimental single chambered MFC set-up used in the present study was made up of a plexi glass chamber of 100 mL volume in which anaerobic conditions were maintained ([Fig 1](#pone.0138448.g001){ref-type="fig"}).Two identical graphite rods, cylindrical in shape (area 15.115 cm^2^) were used as electrodes. Graphite anode was inserted in to the plexi glass chamber while graphite cathode was placed on the outer surface of the plexi glass chamber and left open to air. The two electrodes were separated by a proton exchange membrane (PEM Nafion®) placed on the opening of 1.5 cm diameter created on the wall of the plexi glass chamber. In order to complete the external circuit, the electrodes were connected through a copper wire with an external resistance of 470 Ω. The contents of the plexi glass chamber were continuously stirred with the help of a magnetic stirrer. Out of the total volume of SMFC (100 mL), 60 mL was occupied by dye wastewater and 20 mL by anaerobic sludge while 20 mL was left vacant as head space.

![Schematic diagram of the reactor assembly (SMFC coupled with aerobic reactor) used in the present study.](pone.0138448.g001){#pone.0138448.g001}

The degradation products were further treated in an aerobic reactor consisting of a 100 mL plexi glass chambered open to air. The aerobic mixed liquor was aerated by a domestic air sparger (2 mL/s) in order to maintain the required DO level. The aerobic treatment was given for a period of 48 hr. The aerobic post treatment process was employed to achieve complete degradation of the reduction products of azo-dyes (i.e. aromatic amines).

Inoculum and basal medium {#sec005}
-------------------------

The anaerobic and aerobic reactors were fed respectively with anaerobic and aerobic (return activated sludge) sludge collected from Okhla sewage treatment plant, New Delhi, India. The mixed liquor suspended solids (MLSS) concentration of anaerobic inoculum was 3 g/L with a very dark coloration however; the aerobic inoculum appears brownish with 5 g/L MLSS concentration. The optical densities for the initial inocula were found to be 1.630 (for anaerobic) and 2.150(aerobic culture). The specific methanogenic activity of the anaerobic culture was 1.8 mM CH~4~/gVSS/d) \[[@pone.0138448.ref026]\].The composition of the synthetic media used in the SMFC consist of- glucose 1.0 g/L (COD 1050 mg/L per gram of glucose), NH~4~Cl 0.85 g/L, KH~2~PO~4~ 0.136 g/L, K~2~HPO~4~ 0.234 g/L, MgCl~2~.6H~2~O 0.084 g/L, FeCl~3~ 0.05 g/L and Yeast extract 0.34 g/L to fulfill the micronutrient deficiency\[[@pone.0138448.ref027]\].Four different concentrations of ANB (50, 100, 200 and 400 mg/L)were fed to the SMFC for feasibility studies. The pH, temperature and conductivity remain 7.5--8.0, 27(±2°C and 10.6--18.2 mS/cm throughout the study.

Analytical methods {#sec006}
------------------

The voltage and current across the external resistor was measured with the help of a four channel data recording facility (Kehao KH 200, China). The power density (mW/m^2^) was calculated by dividing the output power with area of electrodes as per the relation given below- $$PD\, = \frac{V^{2}}{R.A}$$

Where V is voltage (mV), R is external resistance of the circuit (Ω), A is area of the electrodes (m^2^).

The coulombic efficiency which is the fraction of Coulombs of charge actually transferred with respect to the total coulomb of charge when all the COD is being converted to electricity by assuming the theoretical ratio of 4 mol of electrons per mole of COD, was calculated in accordance with the following relation\[[@pone.0138448.ref020]\]- $$CE\ (\%)\, = \frac{M{\int_{0}^{t}{Idt}}}{F.b.V_{an}.\Delta COD}$$ where M is molecular weight of oxygen, I is current, F is Faraday's constant, V~an~ is the volume of anodic chamber and ΔCOD is the change in COD over time 't'.

COD and optical density was measured by visible spectrophotometer (GENESIS 20 Thermo Spectronic, USA) in accordance with the Standard Methods \[[@pone.0138448.ref028]\]. pH and Conductivity were also monitored using pH and Conductivity meter (Khera Scientific Instruments, India). The treated samples were centrifuged by a micro centrifuge (REMI RM-12C Micro Centrifuge, India) before scanning for the residual concentrations of azo-dye in the wavelength region 200--700 nm in a UV-Visible spectrophotometer (Perkin Elmer Lambda 25, USA). The residual concentrations of ANB were calculated by measuring the absorbance corresponding to N = N at 550 nm(responsible for dark blue coloration) and transforming it to concentration value with the help of a calibration curve (R^2^ = 0.98). Further, the kinetics of decolorization was studied using the rate model and the rate constant values were used to calculate the change in Gibbs free energy of the system (∆G) in order to ensure the spontaneity of the reaction occurring at anode in accordance with the equation given below\[[@pone.0138448.ref001]\]- $$\Delta G = - RT\,\text{ln}\, k$$ where R, T and k are the universal gas constant (8.314 J/K/mol), temperature at which the experiment was carried out (300 K) and rate constant of the reaction respectively.

The decolorization efficiency and COD removal efficiency were calculated as given below- $$\%\ COD\, = \frac{\left. \left( C \right._{0} - C_{t} \right)}{C_{0}}*\, 100$$ $$\%\ DE\, = \frac{\left. \left( D \right._{0} - D_{t} \right)}{D_{0}}*\, 100$$ where C~0~ and C~t~ are initial and final COD concentrations while D~0~ and D~t~ are initial and final ANB concentrations, respectively.

Scanning electron microscopy (SEM) and energy dispersive X-ray studies (EDX) {#sec007}
----------------------------------------------------------------------------

The surface morphology and elemental composition of the anaerobic as well as aerobic sludge were studied by a scanning electron microscope (Jeol JSM-6510) coupled with energy dispersive X-ray. The samples were prepared by SEM-EDX by washing them with sodium cacodylate buffer and fixing them with 2% glutareldehyde overnight \[[@pone.0138448.ref026]\]. Thereafter, the samples were washed with successive passages of graded ethanol (25, 50, 75, 80, 90 and100%) and dried in a CO~2~ critical point dryer.

Microbial quantification by the Quantitative real-time polymerase chain reaction (qPCR) {#sec008}
---------------------------------------------------------------------------------------

The abundance of the exoelectrogenic *Geobacter* and universal bacterial gene (*Eubacteria*) was estimated by the qPCR technique. Prior to qPCR, the microbial DNA was isolated from initial anaerobic inoculum and anaerobic sludge present in SMFC at the end of the study using the Fast DNA Spin Kit (MP Biomedicals, USA) as per the manufacturer's instructions. Later, the isolated DNA extract was diluted in the ratio 1:10. Each 10 uL reaction mixture contained:2 μL of template DNA; 0.5 μL of each primer (10 pmol/μL); 2 μL nuclease free water; and 5 μL qPCR reagent (SsoFast EvaGreen Supermix, Biorad, USA). The qPCR was done using the BioRad CFX C1000 (Hercules, CA, USA) system and the following program was loaded-

*Eubacteria*; initial enzyme activation at 95°C for 5 min, denaturation at 95°C for 45 s, annealing at 60.5°C for 45 s and extension step at 72°C for 45 s. The reaction was continued for another 39 cycles. The following sequence of primers was used for *Eubacteria*: Bact338f- ACTCC TACGG GAGGC AG \[[@pone.0138448.ref029]\] and Bact1046r- CGACARCCATGCANCACCT \[[@pone.0138448.ref030]\].

*Geobacter*; initial denaturation at 94°C for 4 min, this step is followed by touchdown program consisting of 20 cycles of 94°C for 30s, 65°C for 30s (decreasing by 0.5°C per cycle), and 72°C for 30s. A production program consisting of 15 cycles of 94°C for 30s, 55°C for 30s, and 72°C for 3 min. The following primers were used to target geobacter species: Geo564F- AAGCGTTGTTCGGAWTTA T and Geo840r- GGC ACT GCA GGGGTCAAT A\[[@pone.0138448.ref031]\].

Gas chromatography coupled with mass spectroscopy (GC/MS) studies {#sec009}
-----------------------------------------------------------------

The products of the biodegradation of ANB in a two stage sequential anaerobic and aerobic process were analyzed in a GC/MS system (Perkin Elmer GC Clarus^®^ 680, USA coupled with Clarus^®^ SQ 8T MS system USA) with a capillary column DB-1 (30mx0.25mmx0.25mm). The samples (4 mL) were extracted with ethyl acetate in the ratio 1:1. The ester fractions were evaporated to dryness and the residue was finally dissolved in 2 ml of methanol for GC/MS analysis. The following temperature program was used for GC/MS analysis- injection temperature 60°C held for 5 min followed by a ramp of 10°C/min to a final temperature of 280°C and held there for 5 min \[[@pone.0138448.ref032]\].

Cyclic Voltammetry {#sec010}
------------------

Cyclic voltammetry (CV) was used to study the *in situ* electrochemical behaviour of the system using a Cyclic Voltammeter (CHI600D, USA) linked to a data acquisition system. The anode and cathode of the SMFC were taken as working and counter electrodes respectively against an Ag/AgCl reference electrode. The CV was performed at the scan rate of 10 mV/s over a potential ranging from -0.6 V to +0.9 V.

Results and Discussion {#sec011}
======================

Bioelectricity generation {#sec012}
-------------------------

The electricity generation during treatment of ANB in a combined process in presence of glucose was monitored continuously over the test duration in terms of cell potential (mV) and presented in [Fig 2](#pone.0138448.g002){ref-type="fig"}. The sludge used was already acclimated for a period of 15 days before the start of the experimental phase. During the acclimation phase the open circuit potential reached to 1350 mV on day 15. Thereafter the circuit was closed with an external load of 470 Ω and the experiment was started. Since the sludge was already acclimated towards ANB, the initial closed circuit cell potential values were quite high.

![Changes in closed circuit cell potential during the treatment of ANB in a SMFC.](pone.0138448.g002){#pone.0138448.g002}

Four different concentrations of ANB- 50, 100, 200 and 400 ppm were given to the SMFC along with glucose (1 g/L) generating electrical potential in the circuit. The cell potential values shows linear increasing trend with concentration of ANB, attaining a maximum value at 200 ppm and decreases with further rise in ANB concentration. The peak values for 50, 100, 200 and 400 ppm of ANB were 900, 950, 1300, 800 mV respectively. Fresh glucose was added once the potential drops below 200 mV. The peaks shown in [Fig 2](#pone.0138448.g002){ref-type="fig"} represent fresh addition of glucose. The plots are quite similar to the plots shown by Chae et al.\[[@pone.0138448.ref025]\].However, the output voltage is higher in the present case due to the fact that glucose is most favourable substrate in MFC followed by acetate, propionate and butyrate\[[@pone.0138448.ref033], [@pone.0138448.ref034]\].This also shows that glucose was primarily consumed for generating electricity in the present case.

The output cell potential decreases towards the end of the experiment due to substrate limitations ([Fig 2](#pone.0138448.g002){ref-type="fig"}). Thus, a sufficient feast to famine ratio should be maintained for generating bioelectricity in a microbial fuel cell. Moreover, very high concentrations of toxic substrates pose a negative effect on the performance of MFC \[[@pone.0138448.ref002]\].

Power density and COD profile {#sec013}
-----------------------------

The power density was calculated under a resistance load of 470 Ω and was linked to the amount of COD removed from the MFC, since a part of COD removed is being converted to electricity and the rest is utilized for the growth of biomass (cell division). The power density is a very important parameter for evaluating the performance of MFC for its large scale applications. From [Fig 3A](#pone.0138448.g003){ref-type="fig"}, it is clear that power density is inversely proportional to COD profile. The peaks (maxima) in power density plots show fresh addition of glucose while the arrow is pointing towards the COD value attained after aerobic post treatment process. Among all the test concentrations, the power density was highest for 200 ppm of RO16 (2299 mW/m^2^across a resistance of 470 Ω) showing better removal rates at 200 ppm which is consistent with our previous results \[[@pone.0138448.ref002]\]. However, further rise in dye concentrations beyond 200 ppm led to inhibition of microbial population resulting in lower power densities as mentioned earlier in case of cell potential. When all the COD is being removed, the power density attained a limiting value owing to substrate limitations. Our results shows significant amount of power produced during MFC treatment of an azo-dye in presence of glucose as growth substrate. The acclimated culture gave higher values of power density from day 1. Ringeisen et al. \[[@pone.0138448.ref035]\] reported a maximum power density of 3000 mW/m^2^ when suspended *S*. *Oneidensis* was fed with10--30mM sodium lactate in anodic medium. On the other hand, Nevin et al. \[[@pone.0138448.ref036]\]degraded acetate (10 mM) at anode in presence of *Geobacter sulfurreducens* and obtained maximum power density of 1900 mW/m^2^.Dewan et al.\[[@pone.0138448.ref037]\]reported that power densities could not be increased just by building bigger MFCs since the power density does remain constant when electrode size is increased. They further reported that a capacitor can be used for storing energy from MFC which can later used for powering wireless scientific devices for environmental monitoring. Cusick et al. \[[@pone.0138448.ref038]\]estimated the cost of electricity produced during treatment of winery and domestic waste water by MFC and reported that the net value of electricity recovered from MFCs could be around \$0.026/kg~COD~ for winery wastewater and \$0.021/kg~COD~ for domestic wastewater. Thus, the electricity recovered from MFC could be used to reduce the treatment cost.

![(a) Power density in closed circuit mode along with COD profile during the SMFC treatment of ANB and (b) Columbic efficiency in closed circuit mode along with COD consumed during the treatment of ANB in SMFC coupled aerobic process.](pone.0138448.g003){#pone.0138448.g003}

The coulombic efficiency (CE) of the system was lower as compared to the values reported in literature due to the toxic nature of the azo-dye \[[@pone.0138448.ref020], [@pone.0138448.ref025]\].The highest coulombic efficiency of 10.36%was obtained for 200 ppm of ANB([Fig 3B](#pone.0138448.g003){ref-type="fig"}), which is slightly lower than the value reported by Bakhshian et al.\[[@pone.0138448.ref020]\] but much higher than the values reported by Zhang et al.\[[@pone.0138448.ref039]\].The toxic effects are quite significant at higher concentrations of ANB (e.g. 400 ppm) resulting in to lower CE value. Chaudhuri and Lovley \[[@pone.0138448.ref040]\] observed a CE value of more than 80% in a MFC using *Rhodoferax ferrireducens*. The lower CE values in our case were due to the electron losses attributed either to the presence of electron acceptors (SO~4~ ^2-^, O~2~ etc) or competing methanogenesis reactions associated with the glucose (fermentable sugar) or both\[[@pone.0138448.ref041]\].

COD removal efficiency and dye decolorization {#sec014}
---------------------------------------------

The per cent COD removal efficiency during ANB degradation in a SMFC was calculated and presented in [Fig 4A](#pone.0138448.g004){ref-type="fig"}.The removal efficiency was low initially but as soon as the system got stable the COD removal efficiency was increased and finally stabilized above 80% in SMFC for all the test concentrations. However, in order to achieve removal efficiency of more than 90%, the effluent from the SMFC was fed to aerobic reactor for further treatment. The adopted strategy successfully treated an organic loading rate of 0.254 Kg~COD~/m^3^/d (corresponding to 400 ppm ANB combined along with 1 g/L glucose in the synthetic medium). The COD removal efficiency is directly related to the power density i.e. the higher the removal efficiency, higher will be the output power densities.

![(a) COD removal efficiency, (b) decolorization kinetics and (c) UV spectra of the pure ANB and treated samples.](pone.0138448.g004){#pone.0138448.g004}

Further, the kinetics of decolorization was studied and the rate constant 'k' was estimated by plotting C/C~0~ *vs* time ([Fig 4B](#pone.0138448.g004){ref-type="fig"}). The decolorization reaction followed pseudo-first order kinetics and the rate constants (k) were found to be 4.4x10^-3^, 4.5x10^-3^, 4.2x10^-3^and 4.4x10^-3^h^-1^ for 50, 100, 200 and 400 ppm of ANB, respectively. Similar behaviour was reported by various researchers \[[@pone.0138448.ref042], [@pone.0138448.ref043]\]. Hosseini Koupaie et al. \[[@pone.0138448.ref044]\] reported the decolorization of Acid Red 18 to be first order under sequential anaerobic-moving bed biofilm reactor. In contrast, few researchers have used different models for studying the decolorization rate of dyes e.g. Monod model \[[@pone.0138448.ref045]\].Moreover, the negative values of the thermodynamic parameter ∆G (-13.5, -13.4, -13.6 and -13.6 kJ/mol for 50, 100, 200 and 400 ppm of ANB respectively) estimated from rate constant (k) values show the continuous and spontaneous nature of the reaction occurring in the anodic chamber. The \\G is further related to the chemical potential of the system which is defined as the change in free energy with change in composition of the system. In this way, complete decolorization of ANB was achieved in SMFC.

However, the complete decolorization does not always ensure complete degradation since the decolorized products (aromatic amines) get accumulated in to the system under anaerobic conditions. A few authors have reported that long retention time may cause degradation of aromatic amines under anaerobic environments as well \[[@pone.0138448.ref025], [@pone.0138448.ref046], [@pone.0138448.ref047]\]. Therefore, in order to ensure speedy and complete degradation (removal) of ANB a different approach has been adopted in the present case by transferring the decolorized effluent to an aerobic reactor (activated sludge process) for further treatment.

The UV spectra of the untreated sample (pure ANB), effluent from the SMFC and the aerobic reactors are presented in [Fig 4C](#pone.0138448.g004){ref-type="fig"}. The pure dye shows two peaks at 250 and 290 nm corresponding to benzene and naphthalene rings in the UV region while that at 550 due to the azo linkage in the visible region \[[@pone.0138448.ref048]\]. Presence of some shoulder peaks in the SMFC effluent represents some organic moiety while absence of any characteristic peak in the aerobically treated samples shows complete degradation of the azo-dye. Further structural identification of the products of biodegradation was done with the help of GC/MS technique.

Surface morphology and elemental composition {#sec015}
--------------------------------------------

Surface morphology of the microbial sludge collected from SMFC and aerobic reactors was studied with the help of SEM while EDX was used to determine its elemental composition. The results of SEM and EDX analysis are presented in [Fig 4](#pone.0138448.g004){ref-type="fig"}.When the system was replenished with fresh glucose, the cell potential and degradation rate increases rapidly due to the sudden change in the microbial activity in the single chambered MFC.

The SEM images of anaerobic and aerobic sludge shows the presence of large number of cocci, diatoms and rod shaped bacteria in the microbial sludge ([Fig 5A](#pone.0138448.g005){ref-type="fig"}).However, there is a significant difference in the appearance of sludge taken from SMFC and aerobic reactor due to the distinct nature of microorganisms and different set of operating conditions (e.g. different composition of inlet feed). At a magnification of 5000x, some sort of channelling appeared in the SEM microstructures shown in [Fig 5B](#pone.0138448.g005){ref-type="fig"} which allows better mass transfer resulting in to better degradation rates which might be a strong reason for higher output voltage and power densities in the present case. The EDX spectra show the presence of various elements such as C, O, Fe, Mg, Ca, Si, K etc ([Fig 5B](#pone.0138448.g005){ref-type="fig"}). These elements are present in the extra cellular polymeric substance secreted by microorganisms. However, few metals shown in EDX spectra were originated from the synthetic media used in the present study.

![SEM images of the anaerobic and aerobic sludge at magnification of (a) 1500x and (b) 5000x; (c) Elemental composition of the sludge by EDX.](pone.0138448.g005){#pone.0138448.g005}

Further, the absolute abundance of the universal bacterial gene and the exoelectrogenic *Geobacter* was estimated using the qPCR technique and presented in the [Fig 6A](#pone.0138448.g006){ref-type="fig"} in terms of log gene copy number/mL. The qPCR technique is a powerful technique for quantification of the microbial communities in a real time process and hence finds use in numerous fields. The technique was applied to the initial anaerobic sludge inoculated in to the SMFC and the sludge obtained at the end of the experiment so as to quantify the growth or inhibition of microbial communities. Although, the sludge may contains varied classes of bacteria, only the electrochemically active *Geobacter* mainly responsible for electricity production was estimated along with the universal bacterial communities so as to check the relative abundance of *Geobacter* among the total bacterial population. From [Fig 6A](#pone.0138448.g006){ref-type="fig"} it is clear that the population of the *Geobacter* has been greatly increased during the course of the study by supplying electrode as electron acceptors. The *Geobacter* plays a vital role in bioelectricity generation by efficiently transferring the electrons to the positive electrode (anode).

![(a) Population of the universal bacterial gene and electrochemically active *Geobacter* species in the anaerobic sludge treating ANB, (b)Electrochemical characterization of the fuel cell (cyclic voltammograms).](pone.0138448.g006){#pone.0138448.g006}

Cyclic voltammetry {#sec016}
------------------

The electrochemical behaviour of the fuel cell was studied by the *in situ* cyclic voltammetry technique([Fig 6B](#pone.0138448.g006){ref-type="fig"}).The voltammetry was performed for the bulk anolyte solution (containing ANB and glucose)as well as for ANB alone without any replacement by taking the anode as working electrode against cathode as counter electrode and Ag/AgCl as reference electrode. A perfect redox loop was obtained in both the voltammogram shown in [Fig 6B](#pone.0138448.g006){ref-type="fig"} confirmed the critical role played by anaerobic microorganism in transferring the electrons to the anode. Absence of any peak corresponding to anodic or cathodic currents in case of anolyte solution containing ANB only (without co-substrate glucose) shows that it was not primarily oxidized at anode. However, peaks observed in case of bulk anolyte solution (containing ANB and glucose both) shows that glucose was preferentially consumed as substrate for growth and current production while ANB was utilized as a co-metabolite. Moreover, the smaller values of anodic and cathodic peak currents in [Fig 6B](#pone.0138448.g006){ref-type="fig"} (as shown by the small sizes of the peaks) are due to the absence of any redox mediator used in the present study\[[@pone.0138448.ref025]\].Thus, mediators have significant effect on anodic or cathodic current in bioelectrochemical systems. In addition to chemical mediators, certain microorganism can also support the electron transfer process \[[@pone.0138448.ref004], [@pone.0138448.ref049]\].

Investigation of the pathway of biodegradation {#sec017}
----------------------------------------------

Investigation of the degradation pathway is very essential in order to determine the structure and nature of products formed and to ensure complete removal of azo-dye. The formation of the products depends upon the diversity of microorganisms and the experimental conditions. Under anaerobic conditions, the azo-bond (N = N) of acid navy blue r is more susceptible to microbial attack resulting in to disappearance of colour along with the formation of aromatic amines in the SMFC which is also confirmed by the UV spectra of the treated samples \[[@pone.0138448.ref002], [@pone.0138448.ref050], [@pone.0138448.ref051]\].The aromatic amines are also reported during photooxidation of azo-dyes under UV irradiation \[[@pone.0138448.ref032]\].These aromatic amines got accumulated under anaerobic conditions in to the SMFC and remain unaffected. Therefore, in order to achieve complete and timely degradation of acid navy blue r, the contents of the SMFC were further treated in an activated sludge process in order to cleave the aromatic rings also. Svobodova et al. \[[@pone.0138448.ref052]\] reported the opening of ring structure during degradation of the azo-dye by *I*. *lacteus* owing to MnP activity present in *I*. *lacteus*.

In the present case, the azo-dye ANB was transformed in to 1-naphthaleinamine (m/z 143), Broener's acid (m/z 223) and aniline (m/z 93) in the SMFC. These amines were further degraded in the aerobic post treatment process yielding two different products at m/z 166 and 223. The two products were identified as phthalic acid and its derivative diethyl phthalate respectively using the NIST Library. The MS spectra of the products of biodegradation of ANB in the present study are shown in the [S1 Fig](#pone.0138448.s001){ref-type="supplementary-material"}.

Based on the results of GC/MS studies, a biodegradation pathway of ANB under combined anaerobic-aerobic conditions has been proposed in [Fig 7](#pone.0138448.g007){ref-type="fig"}. Thus complete removal of azo-dye requires a combination of processes involving both the anaerobic and aerobic conditions.

![Probable degradation pathway of acid navy blue r based on GC/MS data (a- Acid navy blue r; b- 1-Naphthaleinamine; c- Broener's acid; d- Aniline; e- Diethyl phthalate and f-Phthalic acid).](pone.0138448.g007){#pone.0138448.g007}

Conclusions {#sec018}
===========

Bioelectricity generation can be made possible during the biodegradation of ANB in a single chambered MFC in presence of a co-substrate. This is the first study of ANB in a combined process consisting of SMFC followed by an activated sludge system. The maximum cell potential and coulombic efficiency were 1300 mV and 10.36% for 200 ppm of ANB. The power density is directly related to the COD removal efficiency and peaked at 2236 mW/m^2^. The kinetic and thermodynamic parameters favour better decolorization of the azo dye in the SMFC. The adopted strategy involving two stage processes was proven successful in this regard.

The effluent from the SMFC was further treated in an aerobic post treatment process for complete removal of the azo-dye and the products were identified by GC/MS techniques. The initial microbial attack transformed the azo-dye in to corresponding amines which were further degraded to form phthalic acid and its derivatives as end products. Thus, SMFC technology is a feasible alternative for simultaneous electricity generation and dye degradation. The presence of electrode as terminal electron acceptors favours high degradation rates; however, the presence of oxygen must be avoided in the anodic chamber to evade electron losses. In future, the proposed strategy can be applied as low cost waste water treatment system.

Supporting Information {#sec019}
======================

###### MS spectra of the degradation products (a) 1-naphthaleinamine m/e 143; (b) Broener's acid m/e 223; (c) Aniline m/e 93; (d)- Diethyl Phthalate m/e 222 and (e) Phthalic acid m/e 166.

(TIF)
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Click here for additional data file.
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